A newly described 6d-amidinopenicillanic acid derivative, mecillinam (formerly called FL 1060), showed a high in vitro activity against Enterobacteriaceae. The effect on Escherichia coli was bactericidal and was due to lysis of the cells. The longer the culture grew under the influence of mecillinam or the lower the inoculum, the greater the bactericidal effect. In a previous paper from this laboratory a new group of penicillanic acid derivatives, 6,-amidinopenicillanic acids, with unusual in vitro antibacterial properties was described (4). One member of the group, mecillinam (proposed intemational nonproprietary name), 6,B-[(hexahydro-lH-azepin-1-yl)-methyleneamino ]-penicillanic acid (formerly called FL 1060), has been studied extensively, and it has been shown that this compound differs fundamentally from the hitherto known penicillanic acid derivatives both in regard to antibacterial spectrum (4, 8) and its mode of action (3, 5-8).
amidinopenicillanic acids, with unusual in vitro antibacterial properties was described (4) . One member of the group, mecillinam (proposed intemational nonproprietary name), 6,B-[(hexahydro-lH-azepin-1-yl)-methyleneamino ]-penicillanic acid (formerly called FL 1060), has been studied extensively, and it has been shown that this compound differs fundamentally from the hitherto known penicillanic acid derivatives both in regard to antibacterial spectrum (4, 8) and its mode of action (3, (5) (6) (7) (8) .
The results presented in this paper deal with the bactericidal effect of mecillinam and its synergistic action with ampicillin in vitro.
MATERIALS AND METHODS Antibiotics. Mecillinam was used as the hydrochloride dihydrate and ampicillin as the trihydrate. The concentrations of both compounds were calculated on the basis of the anhydrous zwitterion. Solutions of the compounds were freshly prepared for each experiment.
Culture media. NIH agar medium and the corresponding liquid medium were used throughout the study. The medium contains 0.5% yeast extract (Difco), 1.5% casein hydrolysate (pancreatic), 0.1% dextrose, 0.25% sodium chloride, 0.005% L-cystine, and 1% agar (Oxoid no. 1) in distilled water, pH 7.1, after autoclaving. In some experiments NIH agar or liquid media without sodium chloride was used as a basic medium to which membrane-filtered solutions of different compounds were added. The osmolality of the liquid media was measured by the cryostatic method using a Knauer type M osmometer, and the specific conductivity was measured as millisiemens at 36 C using a conductivity meter, Radiometer type CDM 2c.
Bactericidal activity. The bactericidal effect of mecillinam on a growing culture of Escherichia coli (Leo HA2) was determined by measuring the change in viable count and optical density (OD) during the first 6 h of incubation. Viable counts were performed in quadruplicate on NIH agar by plating 0.1 ml of serial 10-fold dilutions in NIH liquid medium. The colonies were counted after 18 h at 36 C. OD was measured by means of a Vitatron MPS photometer with a tungsten light without a filter. In some instances the total number of microbial cells was quantitatively determined by microscopy.
In Fig. 1 ,gm and thereafter by lysis (4, 6) . Furthermore the viable count declined faster than the total cell count (determined by microscopy) indicating an increasing number of nonviable cells.
The same low final viable count was observed with various concentrations of mecillinam down to 0.06 ,g/ml. At a contration of 0.02 fg/ml the final count was 1,500 per ml. Figure 2 shows the bactericidal effect of 1 yg of mecillinam per ml against 4.9 x 106 organisms per ml. This inoculum gave a measurable OD from the beginning of the experiment. After 3 h the entire cell mass had reached a level close to that of the maximum stationary phase. Consequently the lysis and decline in viable count over the next few hours were much less pronounced.
When an inoculum of 2.6 x 107 cells was used, the cell mass reached the maximum stationary phase so early that the lytic effect of mecillinam was greatly diminished (Fig. 3) . The final viable count was, however, still low compared to that of the control culture.
The initial number of cells and the experimental conditions limiting cell growth determine the possible number of cell doublings. The main factor limiting growth in unshaken cultures is the exhaustion of available oxygen. When oxygen was introduced continously and the culture was stirred, the final count increased 15-fold, i.e., a culture with the identical inoculum as above could now accomplish 8 doublings instead of 4.3 doublings. Mecillinam (1 Ag/ml) had a marked bactericidal effect on such a culture (Fig. 4) , as the initial count was reduced more than 10,000-fold in 6 h. The OD was still high after 6 h due to the remains of lysed cells.
Mecillinam only exhibits its bactericidal effect when the cells are growing under the influence of the substance for relatively long periods of time. To ensure suitable growth conditions for a dense population over a prolonged period a simple chemostat was used. A steady-state culture containing 2 x 108 E. coli cells per ml responded to 1 qg of mecillinam per ml with marked lysis. Table 1 summarizes the results of these experiments and shows the correlation between the number of cell doublings accomplished by the control culture and the bactericidal effect of mecillinam, expressed as the reduction ratio, i.e., the ratio of initial count to count after 6 h. The more cell doublings possible the higher the reduction ratio at the same concentration. When the compound was added to an exponentially growing culture the same correlation between the reduction ratio and the number of cell doublings of the control was seen.
The inoculum and the experimental conditions determine the number of possible cell doublings. As the lytic effect of mecillinam depends on the time growing cells are exposed to the compound, an apparent strong inoculum effect can be seen. However, the inoculum effect is not determined by the initial number of cells but by the initial cell mass relative to that of the maximum stationary phase.
Alterations in the composition of the medium influenced the results. When the 0.25% sodium chloride was omitted from the normal medium, a steep decline in viable counts occurred after 60 min instead of after 90 min. Furthermore, the reduction ratio was 2.5 x 104 even when the initial count corresponded to 5% of that of an overnight culture.
Compared to ampicillin the bactericidal effect of mecillinam on E. coli sets in rather late.
In a culture in normal medium with an initial count of 1.9 x 107 cells/ml exposed to 20 ,g of ampicillin per ml the reduction ratio was 1.5 x 105 in 2 h. This ratio increased only to 1.8 
a Experimental conditions: (a) NIH liquid medium; (b) NIH liquid medium, and oxygen introduced during stirring; and (c) NIH liquid medium without 0.25% sodium chloride. 7). Consequently no cuts in the bacterial envelope, as caused by the penicillins, are seen and no spheroplasts are formed during exposure to mecillinam (6) . The murein synthesis of E. coli is inhibited about 60% by mecillinam at concentrations from 1 to 1,000 gg/ml (7) . As the cell wall of Enterobacteriaceae grows by diffuse intercalation (1), an evenly distributed weakening of the sacculus seems evident. These characteristics of mecillinam and the bacteria could account for the observed rather protracted lytic phase, which is highly influenced by the sodium chloride concentration of the medium.
The partial inhibition of the murein synthesis is probably insufficient to account for the entire mode of action of mecillinam. Microscopically the earliest effect on growing E. coli cells is a loss of the normal distinct separation between the phase of cell elongation and the phase of cross wall formation, causing development of short and swollen cells. This unbalanced separation is followed by incomplete segregation and loss of the normal parellel-orientated division planes of the chromatine (6) . The loss of orientation could explain why filamentous forms, as produced by low penicillin concentrations, never occur. The disturbance could further account for the impeded, often asymmetrical, ingrowth to cross wall and gradually extended generation time (6), as well as the increasing loss of ability of the cell to reproduce, as deterimend by the quantitative plating method. In the early phase before cell lysis influences the optical density, viable counts of the disturbed cells are influenced by the media and methods. The syntheses of deoxyribonucleic acid, ribonucleic acid, and protein are not inhibited (6) Increasing the concentration to 10 g/liter, however, completely protected the E. coli (Leo HA2) and the Salmonella typhimurium (NCTC 5710) strain from the lytic action of mecillinam, in accordance with the results reported by Greenwood and O'Grady (3). Microscopy showed that the morphology of the protected bacteria was altered towards spherical forms at concentrations of mecillinam above the MIC found in NIH agar. Protection, as shown with sodium chloride, could also be seen with potassium chloride and sodium sulfate. Other ionized compounds, such as sodium acetate and phosphates, had the same effect. Un-ionized compounds of various molecular weights did not protect bacteria growing on agar regardless of the high osmolality of the medium. Experiments in fluid media showed the same protective effect of sodium chloride but sucrose also showed a certain protection when the results were read after 48 h. Refer to the corresponding fluid medium. i.e., NIH agar medium.
Greenwood and O'Grady (2) reported that the lytic response of E. coli and Proteus mirabilis to penicillins could be manipulated by altering the osmolality of the medium. The findings reported here emphasize differences in mode of action between mecillinam and penicillins. The protective power of additions, in regard to the lytic response to mecillinam, was not directly correlated with the osmolality but more likely with the specific conductivity of the medium.
The significance of these findings has not been confirmed in vivo.
Synergy with ampicillin. The different mode of action of mecillinam and penicillins and the cidal activity of the antibiotics (4) E. coli and S. typhi were protected against mecillinam by increasing the sodium chloride concentration. The protection was greater the higher the inoculum. The sensitivities were independent of inoculum size in basic media without sodium chloride. K. pneumoniae and P. vulgaris showed the same protection depending on the sodium chloride concentration; the effect of the inoculum size was marked, even at low conductivity.
These observations concerning the influence of the conductivity of the medium on the effect of mecillinam are analogous with the observations of Greenwood and O'Grady (2), who have shown that a spectrum of osmotic suspectibility exists within each bacterial population regarding the lytic response to penicillins.
Macroscopic examinations of the tubes and the plates where protection against mecillinam occurred showed in some cases partial inhibition of growth. Microscopic examinations of the bacteria showed that when protection did not occur morphological alterations could only be found at concentrations close to the MIC. The border between normal and abnormal appearance of the cells occurred at the same concentrations of mecillinam regardless of the size of inoculum or the conductivity of the medium. The mecillinam concentrations could, however, be lowered by penicillinase activity of the inoculum. The protective power of sodium chloride thus manifests itself mainly by protection of the abnormal swollen to spherical forms which normally lyse.
It was possible to demonstrate a marked synergy between mecillinam and ampicillin for all the 14 strains of Enterobacteriaceae, although the experimental conditions under which it appeared differed from strain to strain as can be seen from Table 3 . When the conditions, determined by the size of inoculum and the concentration of sodium chloride, did not protect against the action of mecillinam, the effect of the combination was only additive. However, when the conditions allowed the abnormal cells to resist the lytic action of mecillinam, a marked synergy occurred. Microscopic examinations of the cells showed that the border between normal and abnormal cells occurred at the same concentrations of mecillinam whether ampicillin was present or not. The synergy thus seems to appear because the sensitivity to ampicillin of the protected abnormal cells is higher than that of the normal cells.
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